The introduction of high molecular weight DNA into mammalian cells is useful for gene expression studies. However, current transfection strategies are inefficient, necessitating propagation of stable DNA transformants prior to analysis of gene expression. Here we demonstrate that transient lipid-mediated DNA transfection can be used to assess gene expression from yeast artificial chromosomes (YACs) containing the 230 kb cystic fibrosis transmembrane conductance regulator gene (CFTR) and Escherichia coli lacZ. We also show that psoralen-UV inactivated adenovirus significantly enhances transfection efficiency. The ability to deliver high molecular weight DNA using lipid-mediated transfection should expedite the analysis of large human genes contained within artificial chromosome vectors.
Extensive stretches of genomic DNA can be introduced into mammalian cells using yeast artificial chromosomes (YACs) as gene transfer vectors. The most common methods to introduce YACs involve spheroplast fusion or the formation of complexes of gel-purified YAC DNA with cationic lipids. The expression of selectable marker genes contained within YACs allows the generation of stable cell lines and subsequent analysis of gene function (1) . However, this approach is inefficient, expensive and time consuming. When smaller cDNA constructs such as plasmids are transferred to mammalian cells, gene expression can often be studied in transient assays, without the need to generate stable cell lines. To determine if useful information could be obtained after lipid-mediated transient transfection of YAC DNA, we have taken advantage of the capacity of YACs to simultaneously express more than one gene. We have modified YACs which contain the human cystic fibrosis transmembrane conductance regulator gene (CFTR) under the control of its own regulatory elements (2, 3) , with the reporter gene Escherichia coli lacZ, which encodes β-galactosidase (β-gal) under the control of the cytomegalovirus (CMV) promoter (4). The two resulting CFTR YACs (yCFTRβ-gal and yCFTRNeoβ-gal; 330 and 340 kb, respectively) were confirmed by pulsed-field gel electrophoresis and Southern blot hybridization analysis to be the correct sizes and to contain lacZ and CFTR (data not shown). YAC DNA was then gel-purified from high density plugs for transfer into mammalian cells (5) (manuscript in preparation). Gel-purified YAC DNA was combined with Lipofectamine (Gibco BRL) at ∼1 µg of YAC DNA for every 7.5-10 µg of lipid, incubated at room temperature for 45 min, and then added to a human cervical epitheloid carcinoma cell line (HeLa, American Type Culture Collection, ATCC, Rockville, MD), a transformed human embryonic kidney cell line [293c18, (6) ] and a Chinese hamster ovary cell line (CHO-K1, ATCC) in serum-reduced medium (OptiMEM, Gibco/BRL). After a 6-8 h incubation, cells were washed with phosphate buffered saline (pH 7.4, Gibco/BRL) and complete medium was added. The β-gal expression in transfected cells was visualized by X-Gal histochemical staining and quantified by measuring β-gal activity using O-nitrophenol-β-D-galactoside (ONPG) as the β-gal substrate (7) . The data were compared by non-paired t-test. β-Gal expression was detected by histochemistry in all three cell lines transfected with YAC DNA in ∼1% or less of the total cells exposed to YAC DNA transfection. Representative results from transfected CHO-K1 are shown in Figure 1 .
Since high efficiency is important for transient assays and the addition of adenovirus (Ad) had previously been shown to enhance transient transfection efficiency of low molecular weight circular DNA (8), we investigated the feasibility of using Ad to augment YAC DNA transfer. The Ad vectors, Ad-d1327 (9) and Ad EPO (10), were inactivated using methods reported by Cotten, et al. (11) with minor modifications. Briefly, Ad was suspended in 10% HBS buffer (150 mM NaCl, 20 mM HEPES pH 7.4, 10% glycerol) containing 0.33 µg/µl of 8-methoxypsoralen (Sigma Chemical Co, St. Louis, MO) and exposed to a 365 nm UV light source (UVP model TL-33, Fisher Scientific, Pittsburgh, PA) for 75 min on ice. The inactivated Ad was then purified through a Sephadex G-50 column (Pharmacia Biotech, Piscataway, NJ) and stored at -70_C. The protein content of the purified Ad was measured by a Bradford dye-binding protein assay (BioRad Laboratories, Hercules, CA). To determine whether Ad enhanced YAC DNA transfection efficiency, the inactivated Ad was added to the cell culture medium containing the YAC DNA complexed with Lipofectamine 60 min after the start of transfection (8) . X-Gal histochemistry indicated that Ad enhanced the transfection efficiency in all three cell lines; quantitative analysis using ONPG confirmed that β-gal activity was significantly elevated in transfected cells by the addition of Ad. When increasing amounts of Ad were added, β-gal activity was significantly increased in a dose-dependent fashion (between 2-and 5-fold) ( Fig. 1 ). When Ad was heated to 65_C for 20 min before use, there was no enhancement of β-gal activity (data not shown). The β-gal activity in HeLa and 293c18 transfected with YAC DNA was also significantly increased in the presence of Ad (data not shown).
The in transfected CHO-K1 cells, and not in HeLa or 293c18 cells where the endogenous CFTR mRNA precluded the identification of CFTR expressed specifically from the introduced YAC. The sensitivity and specificity of the RT-PCR assay were sufficient to detect human CFTR expression in transiently transfected CHO-K1 cells (Fig. 2) . To test whether the effect of Ad on CFTR expression was consistent with the enhancement indicated by β-gal expression, decreasing amounts of CFTR YAC DNA were used for transfection in the presence or absence of Ad. This strategy was based on previous data, in which marker gene expression from a plasmid DNA in a dose-response study was significantly enhanced in the presence of Ad (8) . With ∼350 ng of CFTR YAC DNA per 2 × 10 5 cells, CFTR expression was seen both in the presence or absence of Ad. However, when the amount of YAC DNA was reduced substantially to ∼150 ng per 2 × 10 5 cells, CFTR mRNA was detected only when Ad was present. β-Actin mRNA RT-PCR products were observed in all samples (Fig. 3) .
This study indicates that expression from a human gene and a reporter gene contained within a 340 kb YAC can be detected in mammalian cells transiently transfected with YAC DNA. In addition, the efficiency of YAC-mediated gene transfer can be enhanced significantly by the addition of Ad. Rapid methods for assessing expression of human genes from gel-purified YAC DNA in mammalian cells using lipid-mediated transfection have not been previously reported. The only prior report that we are aware of regarding transient transfection of YAC DNA, utilized electroporation of entire yeast genomic DNA and demonstrated expression of a gene that comprised ∼120 kb of YAC DNA (12) . In the present study, using intact gel-purified 340 kb YAC DNA, transfer efficiency was high enough to detect both lacZ and CFTR expression in transiently transfected CHO-K1 cells.
The Ad-mediated enhancement of DNA delivery had previously been shown for circular DNA containing up to 48 kb (8, 11) . More recently, Maker and Cotten have shown that expression of reporter genes contained within circular bacterial artificial chromosomes (BAC) DNA was substantially increased when the BAC DNA (170 kb) was linked directly to inactivated Ad using either polylysine or polyethylenimine (13) . We have shown that the transfer efficiency of linear YAC DNA up 340 kb was significantly enhanced in the presence of inactivated Ad, without having to link the YAC DNA to the Ad. The expression of CFTR and the reporter gene E.coli lacZ and the increase in the expression of both genes by the addition of inactivated Ad suggest that the entire YAC was transfected more efficiently in the presence of inactivated Ad. The fact that enhancement of YAC DNA transfection by inactivated Ad was eliminated when the Ad was pretreated with heat suggests that the intact Ad capsid proteins are required for the Ad-enhanced YAC DNA transfection. The Ad genome itself is unlikely to play a role in this enhancement, since the Ad genome was psoralen-UV inactivated. Further studies are necessary to delineate the precise mechanism by which Ad enhances YAC DNA transfer. The recent isolation of a receptor for Ad (14) could facilitate studies of this mechanism. The ability to analyze YAC DNA expression early Human CFTR gene expression in CHO-K1 cells 3 days post-transfection. Total RNA was isolated and treated with RNase-free DNase (RQ1, Promega Corporation, Madison, WI) at a dose of 0.2 U/1 µg RNA in 1× PCR buffer (Perkin Elmer Cetus, Norwalk, CT) at 37_C for 30 min, and then at 90_C for 10 min to inactivate DNase. Human CFTR expression was detected by reverse transcription and nested PCR as described below. For CFTR cDNA synthesis, 1 µg of total RNA was added to a solution containing 50 U Superscript II (RT, Gibco/BRL), 125 µM dNTPs, 18 U rRNAsin (RNAse inhibitor, Promega Corporation) and 1× PCR buffer using 60 pmol of a CFTR sequence-specific antisense primer located in exon 9 (all from 5′ to 3′): CTCCTGTCCTGAAAGATATTAA or in the 3′-UTR: GGTGGTATGTTTTCAGGCTA. This mixture was incubated at 42_C for 1 h and then at 90_C for 10 min to inactivate RT. For the first-round PCR, 20 µl of cDNA solution was directly added into 80 µl of mixture containing 200 µM dNTPs, 1× PCR buffer, 1.25 U AmpliTaq polymerase (Perkin-Elmer) using a sense primer located in exon 7: TGTGCTTCCCTATGCACTAATCA or in the 3′-UTR: AGAATACCACAGGAACCACAA. The PCR was performed for 40 cycles at 94_C for 30 s, 55_C for 1 min and 72_C for 1.5 min. One microliter of the PCR product was used for second-round PCR using primer pairs as follows: sense (exon 7), ATGGTATGACTCTCTTGGAGC; antisense (exon 9) TGGTGATGACAGC-CTCTCT or sense (3′-UTR), TCCAGATCCTGGAAATCAGG; antisense (3′-UTR), CTTTCCACAGAAGCTCCAGG, and run for 30 cycles at 94_C for 30 s, 55_C for 1 min and 72_C for 1 min. M, φX174-HaeIII marker; Lanes 1, 2, 5, 6, 9, RT-PCR product using primers spanning exon 7 and 9 (210 bp); lanes 3, 4, 7, 8, 10, RT-PCR product located in the 3′-UTR (267 bp). -RT, no addition of reverse transcriptase during CFTR cDNA synthesis; +RT, addition of reverse transcriptase; control: untreated cells; +yCFTRβ-gal, cells transfected with yCFTRβ-gal DNA. Normal human bronchial epithelial cell RNA served as a positive control.
after DNA transfection should facilitate the analysis of the role of long stretches of genomic DNA in the expression of known genes or genes of unknown function. The demonstration of the feasibility of this strategy in human cells is encouraging for future studies using high molecular weight DNA, such as human artificial chromosome constructs for gene transfer (15, 16) .
